ABSTRACT: Water plays a central role in chemistry and biology by mediating the interactions between molecules, altering energy levels of solvated species, modifying potential energy profiles along reaction coordinates, and facilitating efficient proton transport through ion channels and interfaces. This study investigates proton transfer in a model system comprising dry and microhydrated clusters of nucleobases. With mass spectrometry and tunable vacuum ultraviolet synchrotron radiation, we show that water shuts down ionization-induced proton transfer between nucleobases, which is very efficient in dry clusters. Instead, a new pathway opens up in which protonated nucleobases are generated by proton transfer from the ionized water molecule and elimination of a hydroxyl radical. Electronic structure calculations reveal that the shape of the potential energy profile along the proton transfer coordinate depends strongly on the character of the molecular orbital from which the electron is removed; i.e., the proton transfer from water to nucleobases is barrierless when an ionized state localized on water is accessed. The computed energetics of proton transfer is in excellent agreement with the experimental appearance energies. Possible adiabatic passage on the ground electronic state of the ionized system, though energetically accessible at lower energies, is not efficient. Thus, proton transfer is controlled electronically, by the character of the ionized state, rather than statistically, by simple energy considerations.
INTRODUCTION
Excited-state proton transfer (PT, ESPT) is ubiquitous in chemistry 1−3 and biology, occurring, for example, in photoactive proteins such as green fluorescent 4 and photoactive yellow proteins. 5 In DNA, ESPT between the nucleobases contributes to photoprotection. 6, 7 The driving force for ESPT in DNA is the increased acidity of electronically excited nucleobases. Likewise, oxidized nucleobases, in which a valence electron is completely removed, also exhibit enhanced acidity leading to PT between the strands of DNA 7 and competes with electron hole (positive charge) migration along the strands. 8 Studies of isolated model systems, such as clusters of nucleobases, 9, 10 reveal that ionization-induced PT is very facile, even in systems with no h-bonds such as the methylated π-stacked uracil dimer. 10 Electronic structure calculations show that ionization-induced PT between nucleobases is endothermic in the neutral ground state (e.g., 0.8 eV uphill in AT), whereas it is exothermic in ionized species by 0.4−0.8 eV. Furthermore, ionization-induced PT in h-bonded pairs is barrierless, suggesting a high efficiency for this process. Interestingly, even in π-stacked systems that have no h-bonds, PT is only slightly endothermic and involves a moderate barrier (0.2 eV in methylated uracil dimer); consequently, this channel opens up very close to the ionization threshold. A very recent study 11 of one-electron oxidation of DNA in solution has found that the initial steps involve proton transfer from a methyl group of thymine thus providing experimental evidence of the facile PT from non-hydrogen bonded moieties in realistic environments.
Water is believed to be instrumental for PT in biological systems, 12 such as through water-filled ion channels, interfaces and membranes, and in aerosols. 13 The ability of water to form so-called "water wires" facilitating a relay-type transport of protons, the Grotthuss mechanism, is essential in all of these processes. 14, 15 The proton-coupled electron transfer in DNA also involves water wires. 11 Notwithstanding the importance of water-mediated ground-and excited-state PT, the mechanistic details and dynamics of these processes are not well understood and are being investigated. For example, a recent study of small NO + (H 2 O) n clusters investigated how the shape of the hbonded network controls proton-coupled water activation in HONO formation in the ionosphere. 16 Sequential PT through water bridges in acid−base reactions has been studied by timeresolved experiments in which the reaction has been initiated by an optical trigger exciting the photoacid. 17 Multiple-step ESPT mediated by solvent has been studied in hydroxyquinoline; 18, 19 in particular, triple proton relay through alcohol chains has been characterized using time-resolved fluorescence spectroscopy. Resonant ionization spectroscopy of gas-phase hbonded clusters was employed to investigate proton versus hydrogen-transfer pathways. 20 Various experimental techniques, most notably ion-based infrared spectroscopy, have been used to quantify important energetics and dynamics of ionizationinduced PT, and the catalytic action of solvating waters on tautomerization equilibria via PT. 21−24 However, a detailed understanding of the reaction pathways and directionality of PT in model systems, let alone in real biological and chemical systems, remains elusive.
In this article, we report that water has a dramatic effect on the PT in ionized species. We focus on methylated uracil clusters, capitalizing on our previous experience with this model system; 10, 25 however, similar effects were also observed in microhydrated thymine species. We consider 1,3-dimethyluracil (mU) and its deuterated analog, 1,3-dimethyluracil-d 6 (DmU). Mass spectrometry coupled with tunable vacuum ultraviolet (VUV) radiation molecular beam experiments show that microhydration changes the branching ratio between different relaxation channels and entirely shuts down PT between the bases. Instead, a new pathway opens up, where protonated nucleobases are produced via PT from the ionized water molecule and elimination of the hydroxyl radical. Electronic structure calculations reveal that the shape of the potential energy profile along the PT coordinate depends strongly on the character of the molecular orbital from which the electron is removed; i.e., the PT from water to nucleobases becomes barrierless upon access of an ionized state localized on water. The computed energetics of PT is in excellent agreement with the experimental appearance energies. We also note that possible adiabatic processes, which become energetically accessible at lower energies, are not efficient. Thus, PT is controlled electronically, by the character of the ionized state, rather than statistically, by simple energy considerations.
The structure of the paper is as follows. The next section describes experimental techniques and theoretical methods. Section III presents results and discussion. Our concluding remarks are given in section IV.
II. EXPERIMENTAL AND COMPUTATIONAL DETAILS
A. Experimental Methods. The experiments were performed on a molecular beam apparatus 26, 27 on the Chemical Dynamics Beamline at the Advanced Light Source ( Figure S1 , Supporting Information) using protocols developed in our previous studies. 9,10,26,28−30 Monomers and dimers were introduced into a supersonic jet expansion by thermal vaporization. Argon gas was bubbled through water (D 2 O) and then passed over the sample vapors (mU) before expanding to vacuum to produce a molecular beam at the interaction region of a reflectron mass spectrometer where it is ionized by the VUV light.
A judicious combination of experimental source conditions (backing pressure and reservoir heater temperature) allowed us to vary the population of dimethyluracil monomers, dimers, and their microhydrated clusters with up to seven water molecules in the molecular beam ( Figure 1 ). Higher temperature leads to increased yields of dimers, whereas an increase in backing pressure facilitates hydration. Figure 2 shows the percentage of different dimer forms of mU relative to all forms of mU present in the beam. The percentage of all (mU) 2 is roughly constant beyond 250 Torr, with the value above 25%. However, the percentage of bare mU dimers significantly decreases, while the percentage of the hydrated mU dimers increases. Thus, increased backing pressure does not inhibit the formation of the mU dimer, rather it increases its hydration. Higher mU clusters (trimers, etc.) are not present. Figure 3 shows yield of different deuterated forms of mU normalized by ion count of all mU forms. We observe that the signals of deuterated forms of mU and (mU) 2 increase with pressure.
To determine the origin of transferred proton, we employed various combinations of deuterated and nondeuterated species, such as DmU-H 2 O versus mU-D 2 O. Thus, we repeated the experiments with H 2 O vapors and DmU. The latter is unavailable commercially; it was synthesized, as described in detail in our previous paper. B. Theoretical Methods and Computational Details. Electronic structure calculations were performed following the computational protocols developed and validated in our previous studies of ionized species.
9,10,25,28−31 All calculations were performed using Q-Chem 32, 33 and employed methods ranging from equation-of-motion coupled-cluster (EOM-CC) to density functional theory (DFT) with range-separated functionals and dispersion correction (ωB97X-D). 34, 35 For accurate description of the ionized states, we employed a variant of EOM-CC with single and double substitutions for calculation of ionization potentials (EOM-IP-CCSD) in which problematic target open-shell wave functions are derived by Koopmans-like operators acting on well-behaved closed-shell reference states. 36, 37 EOM-IP-CCSD simultaneously includes dynamical and nondynamical correlation, describes multiple electronic states in one calculation, and treats states with different numbers of electrons on the same footing. It is free from artificial symmetry breaking and spin-contamination.
All neutral ground-state structures and ionized protonated structures were optimized using DFT with the ωB97X-D functional 34, 35 and the 6-311+G(d,p) basis set. Ionization energies were calculated using EOM-IP-CCSD with the 6-311+G(d,p) basis set. Ionized excited-state geometries were optimized at the EOM-IP-CCSD/6-31+G(d,p) level of theory.
Mono-and dihydrated structures were obtained by placing the water at positions that are most favorable for h-bonding and optimizing these structures. Previous studies 9, 29, 38 and chemical intuition point out that in the most stable microhydrates, water forms a hydrogen bond with either CO or NH group of a nuclear base. mU has two CO groups and there are two possible water positions for every group. This gives rise to four monohydrated structures shown in Figure S2 (Supporting Information). Dihydrated structures ( Figure S3 , Supporting Information) were obtained by adding a water molecule to monohydrated structures, with a subsequent optimization.
III. RESULTS AND DISCUSSION
The structures of the representative isomers of mU and its dimer hydrated with one or two water molecules are shown in Previously, 10 we demonstrated that PT between the bases in mU dimers occurs from a methyl group. Thus, the following PT reactions are possible in ionized (mU) 2 (D 2 O) clusters:
(1)
Likewise, in (mU) n (D 2 O) m clusters, the appearance of protonated species is due to the PT between the bases, whereas the deuteron transfer will signify PT from the solvent to uracil. By considering the ratios of the respective m/z peaks, one can quantify the efficiency of these competing PT channels. Figure 5A shows a VUV single photon ionization mass spectrum of the molecular beam with ion signals corresponding to the mU monomer (at m/z 140), dimer (at m/z 280), and their clusters with D 2 O. The inset in Figure 5A shows an enlarged portion of the spectrum around m/z 180 where the main feature corresponds to the mU(D 2 O) 2 ion, a cluster of one mU, and two deuterated waters. The two adjacent smaller peaks (at m/z N + 1 and N + 2, marked by solid and dashed arrows, respectively, where N = 180) arise either due to the natural isotope abundance ( 13 C) or from protonated/ deuterated species. As discussed below, similar spectra were obtained for the DmU-H 2 O mixture. The isotopes account for 7.5% and 1% of the peaks at m/z 181 and m/z 182, respectively; similar values are obtained for the other hydrated species. Contrary to the PT yield, the natural isotope contributions do not depend on the photon energies; thus, the energy dependence of the ratio between N + 1 and N + 2 peaks to the parent peak [N = 180 for mU(D 2 O) 2 or N = 182 for DmU(H 2 O) 2 ] allows us to distinguish between proton/ deuteron transfer versus natural isotopes. As illustrated in Figure 5B , the (N + 1)/N ratio (solid line) is constant in the mU-D 2 O beam, whereas the (N + 2)/N (dashed line) exhibits a clear onset (followed by a sharp rise) at about 10.8 eV. This demonstrates that there is no PT between the bases; rather, there is a deuteron transfer from the solvating D 2 O to the mU dimer. Note that in dry mU clusters the N + 1 peak exhibits such a sharp rise at 8.9 eV. 10 To confirm that the proton/deuteron transfer only occurs from the solvent, we repeated the experiment with DmU and nondeuterated water (H 2 O). Figure 5C shows (N + 1)/N and (N + 2)/N ratios (solid and dashed lines, respectively) for N = 182, which corresponds to the DmU(H 2 O) 2 cation. Here we observe that the N + 1 peak (proton transfer) exhibits a threshold behavior (at 10.8 eV, as in the mU-D 2 O experiments, Figure 5B ), while (N + 2)/N remains constant. Thus, there is no deuteron transfer between the DmU species. Note that the kinetic isotope effect on the interbase PT was found to be minor for the stacked mU dimer, 10 and therefore, the constant behavior of the (N + 2)/N peak in the DmU-H 2 O is not due to H/D exchange in the base. Essentially water shuts down PT between the mU bases, which opens up at 8.9 eV in the absence of water. 10 In Figure 5A , there is evidence of mU dimers in the molecular beam. Furthermore, we can control the degree of dimerization relative to solvation by varying the backing pressure of the carrier gas (Ar), as illustrated in Figure 1 . Figure 6 (left panel) shows the effect of backing pressure on the relative efficiency of PT in the mU-D 2 O beam. The increase of backing pressure increases the yield of hydrated species, at the expense of bare mU dimer and monomer. However, the total amount of all forms of the mU dimers (bare dimer plus all hydrated dimers) remains roughly the same (Figure 2 ). The yield of interfragment PT is given by the signal of all protonated species (dominated by mUH + , more than 85%). + . In this case, the N + 2 peak is constant, revealing that there is no deuteron transfer between the bases. When normalized to the total dimer population, the yield of protonated species decreases with backing pressure (Figure 6 , left panel, mU-mU PT blue curve). This suggests that the interfragment PT is suppressed by hydration of dimers rather than reducing the population of dimers via monomer hydration (hence reducing the number of molecules available for clustering). The yield of all deuterated forms of mU increases upon hydration, as shown by the ratio of all deuterated forms to all forms of mU present in the beam (black line). Finally, upon normalization to the population of the hydrated species, we observe a constant ratio of all deuterated forms to all hydrated forms of mU [mU-D 2 O (normalized) red line around 0.25], hence confirming that the increased yield of PT is proportional to the degree of hydration. This suggests that the rate of PT in the hydrated clusters (and, possibly, its mechanism) does not depend on degree of hydration. To understand the mechanism by which water shuts down PT between the bases, we turn to electronic structure calculations. Previous theoretical studies of microhydrated nucleobases 29 reported a small red shift (∼0.4 eV) in the lowest IE, in excellent agreement with experiments. 22, 29 The calculations revealed that the character of the ionized state remains the same as in the isolated base (π CC orbital); the red shift was explained by the fact that in the lowest-energy microhydrated structures, the nucleobase is acting as a proton donor. Using similar computational protocols (see section IIB), we conducted electronic structure calculations of microhydrated mU dimers.
We observe that the hydration by one or two water molecules does not change much the relative distance between the two mU moieties ( Figure 4) ; e.g., the distance between C(O) and C(CH 3 ) moieties, which are involved in interbase PT, in the mU dimer is 3.4 Å, whereas in (mU) 2 (H 2 O) and (mU) 2 (H 2 O) 2 it varies between 3.3 and 3.5 Å.
The effect on the lowest ionized state is small, in terms of both energy and the character of the state. We observe a moderate blue shift (∼0.1−0.3 eV) in the VIE, which is consistent with the structures of hydrated species (Figure 4) where uracil acts as a proton acceptor. The character of the lowest ionized state is also unaffected, as evidenced by the wave function composition and the shapes of the respective molecular orbitals (MOs) shown in Figure 7 .
Thus, neither structure nor energetics of the lowest IE explains the observed behavior. However, we note that water blocks the proton-accepting sites in mU; it may also add structural rigidity to the system. Because in the systems with no hydrogen bonds PT requires significant rearrangements of the two fragments, 10 additional clustering is expected to impede necessary rearrangements of the two moieties. The analysis of higher ionized states (Table 1) reveals that, although hydration has a relatively small effect on the lowest ionized states of mU, the ionized states localized on water are affected much stronger by the interaction with mU. Specifically, the state corresponding to ionization from a lone pair in water appears at 10.9−11.5 eV in mU mono-and dihydrates, which is 1−1.5 eV lower compared to the bare water molecule. The lower bound of the energy range is remarkably close to the observed onset of PT in microhydrated clusters (10.8 eV). These results suggest that the PT channel opens up when the lowest ionized state on solvated water that corresponds to an excited ionized state of the mU(H 2 O) n cluster becomes accessible. These results are consistent with the experimentally observed onsets of PT, which are independent of the cluster size ( Figure 6 , right panel), in stark contrast to the lowest IE of microhydrated nucleobases exhibiting notable dependence on the number of hydrated waters (∼0.1 eV drop in IE per water molecule). 22, 26, 29 To gain further insight into the electronic structure of hydrated species and to validate theory, we focus on the photoionization efficiency (PIE) curve (obtained by integrating the area under the respective m/z peak) of the smallest hydrated cation, mU(D 2 O). The differentiation of the PIE curve allows identification of multiple ionized states (the peaks on the differentiated PIE curve correspond to the VIEs). The PIE (black) and the differentiated (red) curves are shown in Figure 8 , along with the computed VIEs. The curve features the ionization onset at ∼8.6 eV and a series of peaks between 8.5 and 11.5 eV. The computed AIE is in excellent agreement with the experimental onset, whereas the computed VIEs match well the peaks of the differentiated curve. Thus, the peaks at 8.9, 9.9, 10.0, 10.8, and 11.2 eV correspond to vertical ionizations from the 1A″, 2A″, 1A′, 2A′, and 3A″ states, respectively. The character of these states are illustrated by the respective MOs, which are also shown in Figure 8 . As Figure 8 clearly illustrates, low-lying electronic ionized states correspond to the ionization from mU, whereas the 3A″ state at 11.2 eV is localized on water and is similar to the water-localized states observed in microhydrated dimers.
To understand proton transfer in microhydrated mU, we consider the lowest energy monohydrated mU (mUW1−1a) as a model structure. The first and fifth ionized states (which correspond to the first ionizations of the mU and water moieties, respectively) were optimized using EOM-IP-CCSD/ 6-31+G(d,p). The resulting geometries are presented in Figure  S4 , Supporting Information. In the first ionized state, in which the hole is localized on mU, the electrostatic interactions push water away from the CO group (the H−O distance increases by 1.13 Å); this displacement acts against PT. In contrast, in the fifth ionized state (the hole is localized on water), electrostatic forces pull water closer to mU, resulting in a barrierless PT and yielding optimized proton-transferred structure of the cation.
To further understand PT in solvated systems, we analyze the potential energy profiles along the PT coordinate in [mU(H 2 O)]
+ . An approximate reaction coordinate was generated by the interpolation between the initial structure of the neutral mU·H 2 O and that of the proton-transferred system, mUH + ·OH.
37,39
The profiles are shown in Figure 9 . The energy of the ionized states that are localized on mU (1A″ and 2A″, Figure 8 ) increases along the PT coordinate (the PT is also endothermic in the neutral state). In contrast, the energy of the fifth state (3A″) corresponding to the ionization of water decreases, showing that PT from this state is a barrierless downhill process. A similar behavior is observed for other states; that is, energetically water-ionized states go down, whereas uracillocalized states go up. One can also consider a possibility of adiabatic PT, e.g., on the lowest ionized state (1A″). This will of course involve changes in the electronic-state character from the mU-localized one to the water-ionized one and a barrier. The analysis of energy profiles shows that PT is energetically accessible at ∼10.6 eV (upper bound); i.e., at this energy the system has enough energy to overcome the barrier on the adiabatic PES corresponding to the lowest ionized state of the system. Yet, the onset of PT yield occurs only at 10.8 eV, thus suggesting that such an adiabatic process is inefficient. This can be readily rationalized by analyzing the respective electronic wave functions. The lowest ionized state corresponds to the ionization of mU. In this state, the proton affinity of mU is reduced. Hence the short-time dynamics will involve structural changes that are not favorable for PT from water. Indeed, in the Franck−Condon optimized structures of the lowest electronic state of [mU·H 2 O] + ( Figure S4 , Supporting Information) the distance between O(mU) and water hydrogen increases from 1.87 to 2.90 Å. In contrast, PT is barrierless starting from the Franck−Condon point in the fifth ionized state. Thus, even though the system may have enough energy to overcome the barrier on the lowest ionized-state adiabatic PES, this pathway is not favored dynamically because the gradients in the Franck− Condon region point away from the PT coordinate. In contrast, when the right electronic state is accessed, the PT may occur ballistically on the respective diabatic surface. We observe that PT in hydrated mU species is controlled electronically, by the character of the state, rather than statistically, by energy considerations alone. Figure 10 summarizes relevant energy differences in mUW1-1a. VIEs for the first and fifth ionized states are 8.93 and 11.21 eV, respectively. The energy difference between the final PT structure (fully relaxed mUH + ·OH in the lowest ionized state) and initial ionized state is 2.18 eV (50.4 kcal/mol). This can be described as energy gain due to PT on the diabatic surface corresponding to a water ionized state. The PT structure is 0.09 eV (2.13 kcal/mol) above the lowest ionized state at the Franck−Condon geometry. Thus, for the lowest ionized state, the PT is an uphill process adiabatically. Finally, energy required for PT structure to dissociate producing mUH + and OH is 0.6 eV (13.76 kcal/mol). Thus, adiabatically, the energy difference for the following process: [mU·H 2 O] + → mUH + + OH is 0.69 eV or 15.9 kcal/mol (for the lowest ionized state). Combining this value with VIE we arrive at 9.62 eV; this would be the mUH + appearance energy on the lowest ionized state assuming no barrier. However, as illustrated by Figure 9 , we anticipate a barrier on the lowest adiabatic PES. The experimental onset for mUH + is much higher (∼11 eV) and agrees well with VIE corresponding to the fifth ionized state of mU·H 2 O.
The appearance energies of mU(H 2 O) n H + does not depend on the cluster size, as illustrated in Figure 6 (right panel), and to understand this, we consider a dihydrated system, mU-(H 2 O) 2 ( Figure 4) . In this structure, the second (outer) water molecule acts as a proton donor forming an h-bond with the first (inner) water h-bonded to the carbonyl group. One can consider several possibilities for ionization-induced PT leading to (A) a structure with H 3 O + resulting from a single PT from the outer molecule; (B) a structure with protonated mU bound to the OH radical and solvated by the outer water molecule derived by single PT from the inner water molecule to mU, and (C) a structure with protonated mU solvated by water and an outer OH radical. We prepared such structures by manually displacing the parent structure and optimized them by using protocols described above. The initial structures are shown in the left panel of Figure 11A ,C,E, whereas the resulting optimized structures are shown on the right ( Figure 11B,D,F) .
The lowest ionization energy of water in this dihydrate correspond to the state with a hole localized on the outer water. Thus, we expect this state to relax via PT to either the first or the third structures. However, the optimization of the structure shown in Figure 11A converged to the double PT structure ( Figure 11B ) indicating that there is no local minimum corresponding to the first structure (with H 3 O + ). Thus, ionization of water in a dihydrate leads to the double PT structure via a Grotthuss-like pathway. The energetics of this process is in agreement with a higher proton affinity of mU compared with water. However, it is interesting that there is apparently no barrier along the double PT reaction coordinate (the optimization of the state with the hole localized on the outer water converges to a doubly proton-transferred state). We also note that there is no local minimum corresponding to the structure with H 3 O + , which can be considered as an intermediate along the double stepwise PT pathway from the outer water to uracil. Energy differences between the structures corresponding to the single and double PT ( Figure 11B ,D, respectively) are 23 kcal/mol (computed by ωB97X-D). This is in agreement with the fact that in clusters, the more stable structures are the ones with the OH radical on the outside, which can be rationalized by counting the number of h-bonds in the two structures. The energy difference between the fifth ionized state at the initial Franck−Condon geometry and the lowest ionized state at the double PT structure is 53.4 kcal/mol.
In large water clusters, the lowest ionized states correspond to the surface states, where there are waters that serve only as proton donors. 40 Thus, the IEs corresponding to the surface states should be relatively independent of the cluster size (and even the chemical nature of its core). The experimental onsets for protonated mU(H 2 O) n clusters are remarkably insensitive to the cluster size ( Figure 6 , right panel); this suggests that in larger clusters the surface-ionized states lead to multiple barrierless PT, yielding solvated protonated uracil with the OH radical on the surface. Thus, such clusters of water with molecules with relatively high proton affinity could serve as model systems for studying directionality in Grotthuss-like PT through water wires and membrane interfaces. 41, 42 Although most of the experiments in this work focused on mU, this nucleobase is by no means unique in that water has a significant effect on PT. Similar experiments performed on thymine show that in the absence of water, PT begins at 9.20 eV, with a major rise in signal between 9.7 and 9.9 eV. 9 Thymine provides an interesting comparison, because both hbonded and π-stacked dimers populate the molecular beam, 9 in contrast to mU, which forms only π-stacked dimers. 10 The calculations suggested that it is h-bonded thymine dimers that give rise to this signal at 9.7 eV, whereas the lower onset was explained by a dimer with π-stacked geometry. 9 Upon solvation, PT switches off at these lower energies, as is evidenced in the signal for TH + and T(H 2 O)H + shown in Figure S5 (Supporting Information). The onset for PT is around 10.6 eV, with a major rise at 11.2 eV, which is very similar to the onsets observed in mU. The shapes of the curves for protonated thymine species are also very similar to those in Figure 5B ,C. This suggests that a similar PT mechanism from the solvent is occurring.
IV. CONCLUSIONS
We conclude that in both h-bonded and π-stacked nucleobase dimers and larger clusters, solvation shuts down PT between the bases, which is rather efficient in "dry" clusters. It is only when the solvent is ionized that PT begins again. Our findings illustrate that water has a dramatic effect on PT pathways, not only by serving as a wire for proton transport but also by shutting down other PT routes. In our model systems, an outermost ionized water molecule acts as an acid (activated by an ionization event), and the nucleobase acts as a base, whereas other waters may participate in PT either as spectators or as intermediate proton acceptors, as shown recently in photoinduced acid−base reactions. 17 We attribute the remarkable similarity between the appearance onsets in solvated mU and thymine, as well as insensitivity of the onsets and shapes of the appearance curves on the cluster sizes, to the fact that the lowest ionized states in which the hole is localized on the solvent correspond to the surface states, i.e., water molecules acting as proton donors only. Electronic structure calculations show that these IEs are rather insensitive to the size and/or chemical identity of the cluster core, mU versus mU dimer versus thymine. Thus, these states become accessible at very similar energies, initiating facile PT to the accepting base, either by direct means (in monohydrates) or through the mediating water molecules.
A growing body of studies illustrating the central role of PT has led to a paradigm shift in the discussion of water and its active role in biology and chemistry. Water is no longer seen as just a solvent but is an active participant in a variety of processes such as enzyme catalysis and membrane transport. Water has also been shown to catalyze reactions 43 that are important in biology and atmospheric chemistry. 16, 44 Protoncoupled electron transfer in DNA is mediated by water chains.
11 Autoionization in water also drives a variety of processes that are critical to life and biology, 12 whereas PT through nanopores, artificial membranes, and structures has major ramifications in energy conversion and storage technologies. PT in nanoconfined geometries 45 has implications for catalysis and solar energy conversion, whereas ions have been shown to enhance the transfer of protons through aqueous interfaces. 46 In this work we have shown that PT can be very effectively controlled by subtly changing how DNA bases hydrogen bond and stack within themselves and upon solvation and thus can provide a template for novel dynamical studies in the temporal, spatial, and spectroscopic domain.
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